NASA TECHNICAL NOTE

~ NASA TN D-2229

[OAN COPY: RETURN
AFWL (Wil—)
KIRTLAND AFB, N M|

WN ‘d4vM AdvHEIT HO3L

nnm

NASA TN D-2229

DESIGN AND EVALUATION OF A
PREDICTOR FOR REMOTE CONTROL
SYSTEMS OPERATING WITH

SIGNAL TRANSMISSION DELAYS

by Jobhn E. Arnold and Paul W. Braisted

Prepared under Grant No. NsG-111-61 by
STANFORD UNIVERSITY
Stanford, California

for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION ® WASHINGTON, D. C. ® DECEMBER 1963




TECH LIBRARY KAFB, NM

AR

0154810

DESIGN AND EVALUATION OF A PREDICTOR FOR
REMOTE CONTROL SYSTEMS OPERATING WITH
SIGNAL TRANSMISSION DELAYS

By John E. Arnold and Paul W, Braisted

Prepared under Grant No. NsG-111-61 by

STANFORD UNIVERSITY
Stanford, California

for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION




SUMMARY

An experimental program is conducted to investigate the ability of
a predictor to aid a human operator in the remote control of a vehicle oper-
ating with a signal transmission lag.

A series of tracking experiments is conducted with an experimental
vehicle. An upper bound of tracking performance is established by driving
without a signal transmission lag. A lower bound is established by driving
with a signal transmission lag. The ability to drive with the predictor can
be seen in relation to these upper and lower bounds. The results of the
tracking experiments show that the predictor makes it possible to drive
nearly as well with a signal transmission lag as to drive at the same speed
without a signal transmission lag.

In order to free the driver from having to follow a prepared line
or track, a maze is used that involves open areas with a series of limited
objectives in the form of gates, or wickets. The ability of the predictor
to aid the human operator is determined. The results of the maze exper-
iments show that the predictor is not needed in open areas where no precise
control is required. The predictor is needed in approaching and driving
through congested areas. Subjective reactions of the experiments are noted.
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CHAPTER I

INTRODUCTION

A, PROBLEM STATEMENT

The problem discussed in this paper has to do with the effects
of signal transmission lag on the human control of robot vehicles
using video feedback. The task is to investigate ways for negating
the adverse effects of signal transmission lags on the human opera-
tor so that significantly greater speeds can be maintained than is
possible without this effort.

B, OBJECTIVES

The objectives of this work were to develop and to evaluate a
device that will make it possible to avoid the detrimental effects
of signal transmission lag.

The device that was developed is called a predictor. As a
predictor it anticipates the future behavior of the robot vehicle
responding to the steering commands that were sent by the human op-
erator. This anticipatory information is presented to the human
operator in the form of a marker superimposed on the television pic-
ture received from the vehicle. The television picture from the
robot vehicle shows the landscape over which the vehicle will travel,
The marker responds immediately to all commands. It carries out
immediately all maneuvers that the television picture will show the
vehicle carrying out some time later. By driving the marker, the
human operator imagines that he is driving without a signal trans-
mission lag, because there is no delay between the time at which he
issues a command and when he sees the response of the marker.(Fig. 1).

There are three goals in the experimental evaluation of the
predictor system. First, numerical data is desired to measure the
success of the predictor in helping the human operator recover the
control that is lost when the signal transmission lag is introduced
into the system. Second, subjective results should be obtained.
These will be important in helping future designers of predictor
systems, and they will contribute to our understanding of human
behavior when predictors are used. Third, there is an expectation
that the experience gained in using the predictor system will re-
veal areas of particular importance for future studies.

In collecting numerical data, it is important to consider the
way in which these data can be obtained. The human operator is con-
fronted with a tracking problem. He observes a landscape appearing
on the television display and tries to steer the robot vehicle so
that it will follow or track a particular route over the terrain.
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1 PREDICTOR MARKER SUPERIMPOSED
ON VIDEO PICTURE OF LANDSCAPE
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An upper bound of tracking ability can be established by measuring
the skill with which tracking can be done when there is no signal
transmission lag. A lower bound can be established by observing the
difficulty in tracking when there is a signal transmission lag and
no predictor. The ability to drive with the predictor can then be
seen in relationship to these upper and lower bounds. The upper
bound serves as a goal of achievement that is sought by the predic-
tor, while the lower bound indicates the seriousness of the problem
that is to be improved.

In this study we are concentrating on the way in which a pre-
dictor can help the human operator when a signal transmission lag is
present. The predictor is intended as an aid when there are various
amounts of signal transmission lag. Since the remote control of a
lunar vehicle from the earth is the most immediate possible appli-
cation of this technique, the lunar situation with its 2.6 seconds
total signal transmission lag is used in this paper for illustrative
purposes.

This project is part of a continuing work at Stanford Univer-
sity sponsored by the National Aerconautics and Space Administration.
In the first stages of this program, Adams (1,2)%* studied the effects
of signal transmission lag without a predictor. The present work
continues by developing and evaluating a predictor system to aid the
human operator. A consideration of weight, reliability, and power
demands led to the governing policy of placing only a television cam-
era on the robot vehicle and of keeping the system complexities at
the control station. As far as is known, the present development is
the first operational predictor system for use where there are long
signal transmission lags.

As vehicle speeds and the length of the signal transmission
lag are increased in future phases of this work, the capabilities
of the present approach will be exceeded. When that stage is reached,
it will be necessary to add equipment to the robot vehicle that will
enable the vehicle to maneuver with only periodically received pro-
grams of instructions. The vehicle will need the ability to impro=-
vise to some extent and to take evasive action to avoid obstacles.
Above all, the vehicle will need the ability to stop and wait for
further instructions when it is faced with an unexpected problem that
it can not handle.

Although the Prospector mission for which this present work was
originally intended may be passed over in favor of going directly to
the Apollo manned, lunar mission, the knowledge that will be gained in
this study will be useful for other remote control situations that will

*Numbers refer to publications listed in the references.



undoubtedly be encountered in the future.

C. SYSTEM DELAYS

Throughout this paper the term system delay will be used to
cover all the effects that prevent the human operator from being able
to observe immediately the full consequences of his input commands.
Delays may occur in both the feed forward and the feedback loops in
a control system, but here our interest is in the total delay that
occurs between the time the human operator issues a command and the
time he receives feedback describing the way in which the vehicle
carries out the command.

Within this definition of system delay, a signal transmission
lag is only one of the ways in which delays are introduced into a
system. An important source of system delay in many cases is due to
the slow dynamic response of the machine being controlled. The term
dynamic lag is used in this paper to cover all situations where sys-
tem delays are caused by the dynamic response of the controlled ve-
hicle. Another source of system delay is the result of human reaction
time. This is the time required for the human being to react to each
stimulus he receives.

Fig. 2 shows the places where signal transmission lag and dy-
namic lag may appear in a feedback system. For simplicity in the
illustration, the human reaction time is ignored and the human oper-
ator is treated as the summing element in the system where he com-
bines the effects of input and feedback signals.

As related to our problem of the control of a robot vehicle,
a signal transmission lag is shown in the feed forward loop repre-
senting the time required for radio signals to travel through space
from the earth-bound control station to the vehicle. A block is
shown to indicate that the robot vehicle may require time to respond
to each command. The time constitutes the dynamic lag in the sys-
tem. The output is a change of the direction in which the vehicle
is travelling over the ground. A television camera is carried on
the vehicle and observes the direction of travel and the landscape
that the vehicle will traverse. The video picture is fed back to
the human operator. A signal transmission lag is shown for the
feedback transmission.

In the experimental arrangement developed for the present
study (Fig. 3), several modifications of system delays are made.
The first point is to emphasize that this project is concerned
with the effects of signal transmission lag only, and is not con-
cerned with dynamic lags. Consequently, a highly-responsive and
maneuverable vehicle was built for test purposes. It will be
shown in detail later that the test vehicle steers by changing the
direction of travel in direct relationship to the angular displace-
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ment of the steering wheel used by the human operator in the control
station., The vehicle follows these changes in direction with a neg-
ligible dynamic lag. The primary source of delay is due to signal
transmission lag. The vehicle behaves essentially like an amplifier
with its direction of travel directly related to the angular position
of the operator's steering wheel.

Fig. 3 also shows that the signal transmission lag is lumped in
the feed forward loop for the experimental setup. By lumping the en-
tire signal transmission lag in the radio link from the control station
to the robot vehicle, the problem of delaying video signals are avoided.
This lumping is justified in the discussion of the experimental arrange=
ment. Fig. 3 shows the location of the system delay in the experimental
simulation of a real mission where the system delay may be distributed
as shown in Fig. 2.

D. BACKGROUND STUDIES MADE ON THE EFFECTS OF SYSTEM DELAYS

A number of experimenters have considered the effects on human
behavior caused by dynamic lag in a man-machine control system. These
studies have been carried out in laboratory simulation of situations
that occur with slowly responding machinery. Notable is the work of
Conklin (3). Conklin considered dynamic lags of up to 16 seconds,
using exponential response characteristics. In the experimental work
operators were asked to track a moving target.

Conklin found that their tracking accuracy dropped rapidly as
the dynamic lag was increased. The operators' performances reached
a level of chance behavior for dynamic lags of over a few seconds.
He also compared the effects of dynamic lags on pursuit and compen-
satory tracking, and showed that pursuit tracking is superior to com-
pensatory tracking.

In 1949 Warrick (4) reported on his studies of system delays
resulting from signal transmission lags of up to 320 milliseconds.
The study was made with a compensatory tracking system. Warrick was
studying the hypothesis that tracking error is linearly related to
the amount of the signal transmission lag. The linear relationship
did not appear as anticipated, but his work did show that tracking
ability deteriorates rapidly as the length of the signal transmission
lag is increased.

A great deal of value is obtained from tracking experiments
conducted in laboratories. The tracking problem, however, is pre-
sented in the comparatively clean fashion of a simple target repre-
sented by a moving spot or moving line. The situation in a real
mission will involve a television picture of a landscape. Tracking
information will be presented in a more vague and confusing way than
in laboratory presentations. Extraneous information can be obtained
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from television pictures and may confuse, or at least distract, the
human operator. Furthermore, target presentation is influenced by

past tracking performance. If the operator's driving has been faulty,
he obtains a different view of the tracking problem than if his tracking
had been better. 1In an effort to simulate real missions more closely,
several investigators have used robot vehicles in field tests. These
vehicles were equipped with television cameras.

One of the first to use an actual vehicle was Adams (1,2), who
conducted a series of tests in 1961 involving signal transmission lag
with the vehicle dynamic lags kept to a minimum. In field tests a
robot vehicle was driven with various combinations of speeds up to
2.7 feet per second and signal lags up to 3 seconds. Scoring was
achieved by measuring the percentage time that a circular disc 16
inches in diameter and located directly under the center of the ve-
hicle was kept above a white line drawn on the test field. Scoring
is presented in the form of percentage time-on-target. Both two-
wheel and four-wheel steering were uséd. The two-wheel steering is the
conventional automobile configuration. Four-wheel steering is dif-
ferent in that all four wheels are turned together beneath the body
of the vehicle. A four-wheel type vehicle is used in the present
study. An important point to consider, here, however, is the fact
that four-wheel steering produces a more highly maneuverable vehicle
than can be obtained with two wheel steering.

Adams compared the tracking performances of two-wheel and four-
wheel steering configurations on different courses. Each course was
designed to make use of the maximum maneuverability permitted for the
type of steering used. The time-on-target scores were similar. Since
the four-wheel vehicle was driven over a more difficult course, it
was concluded that four-wheel steering permits better control than
two~wheel steering when signal transmission lags are present in the
feedback control system.

As an example of the rapid deterioration of tracking ability
with increasing signal transmission lag, the following percentage
time-on-target score was obtained for a four-wheel configuration and
a vehicle speed of 2.7 feet per second:

98% with 0 seconds signal transmission lag
85% with % seconds signal transmission lag
55% with 1 second signal transmission lag

25% with 2 seconds signal transmission lag

Another study using a robot vehicle was conducted by the Grumman
Aircraft Company (5). In their work a two-wheel or automobile type
of steering was used to study the effects of signal transmission lag
on human tracking performance. In the experiments that have been pub-
lished to date, a modified Jeep was driven at average speeds of 1.82,
2.74, and 4.33 mph, and a signal transmission lag of 2% seconds was
used. Three different course complexities were used, and each course



was lined with traffic cones set 12.5 feet apart. Whereas Adams asked
his test drivers to follow a white line, Grumman asked their drivers
to stay within test roads outlined by traffic cones. Both tasks in-
volve tracking.

For a given signal transmission lag Grumman's results show a
deterioration in tracking ability that is reported as being "exponen-
tially" related to increasing vehicle speeds. As an example of re-
sults, the percentage of traffic cones hit at a given trial for the
most difficult course was:

18% at 2.1 mph
31% at 3.2 wph
35% at 4.7 mph

All values were obtained with the signal transmission lag of 2% seconds.
Grumman's results also showed that the scores were dependent on the com-
plexity of the course.

Both the Grumman and the Adams studies were conducted with full-
size vehicles. The Airborne Instruments Laboratory (6) has developed
a 24'x15' scale model of a "lunar landscape.'" Their test vehicle con-
sists of a television camera which is mounted on a set of tracks and
is 14"x8"x15" in size. Driving speeds were scaled so that one vehicle
length of travel per second for the scaled model is considered equiv-
alent to one vehicle length for a full-size vehicle. 1In their tests,
drivers were asked to steer the model robot vehicle from a given starting
point to a distant goal. The route followed was chosen by the opera-
tor. Obstacle sizes ranged from % to 5 times the model vehicle's
height. The distant goal was periodically lost to view during a given
run. Scores were made by measuring the length of time required to
reach the goal and by counting the number of obstacles hit en route.
One advantage of this approach to the problem of studying control when
there are signal transmission lags present is that the sharp, dark,
and light contrasts of lunar lumination can be approximated by proper
lighting of the model lunar landscape in combination with the correct
television lens settings. No numerical results are presented in the
available reports(6).

All these studies indicate that tracking ability is seriously
impaired by the presence of signal transmission and dynamic lags.
Tracking ability deteriorates for given signal transmission lags as
the vehicle speed increases. Likewise, there is a decrease in
tracking skill for a given speed when the signal transmission lags
are increased. Hence, increasing combinations of vehicular speed
and signal transmission lag contribute to the diminishing of tracking
ability. 1In those situations where a signal transmission lag is un-
avoidable, a human operator has no choice but to drive slowly in an
effort to maintain reasonable control.

There is no exact place where tracking ability is lost, but



rather a continuing decrease in ability as speed and signal transmission
lags are increased. Just what is acceptable depends on the local con-
ditions facing the robot vehicle. The task confronting the human oper-
ator when system delays occur can be visualized by reviewing the tracking
problem with which he is faced. 1In order to perform pursuit tracking,
the human operator must be able to observe the difference between his
intended path of travel and the actual performance of the tracking ve-
hicle. His objective is to make the displacement error signal between
the two satisfactorily small.

By watching a television picture of the approaching landscape,
a human operator is able to maintain a route to follow. He should
have little difficulty in finding a route to follow if the television
picture is of good quality. The difficulty occurs when he tries to
observe the behavior of his tracking robot vehicle. 1If system delays
are present, he does not have an indication of where the vehicle will
be on the landscape after it has responded to all steering commands
currently being processed through the delay. He does not have a dis-
placement error signal that he can try to minimize. If he uses the
information provided on the television picture without modification,
he will be working with a displacement error that is obsolete and does
not include the effects of the instructions currently being processed.
This would obviously lead to faulty driving. In trying to obtain a
valid displacement error signal, the operator must know where the ve-
hicle will be on the landscape when it can be reached and infiuenced
by a new command that he is planning to send. He must make a mental
prediction of where the vehicle will go as it responds to the infor-
mation that has been sent but whose effects have not as yet been re-
ported via television feedback.

In forming a mental prediction, the operator must remember all
the instructions that have been sent, but for which no feedback has
been received. He must continually revise this list as new instruc-
tions are added and old ones deleted. He has to consider the changing
influence of each command as it moves through the list. He has to
use this ever-changing library of information to form a continuous
set of prediction calculations. This is a formidable task. The
data shown in the experimental studies that have been quoted show
that it is beyond human ability to perform these calculations suc-
cessfully when system delays and vehicle speeds are appreciable.

These studies (1) - (6) show that signal transmission lag, dy-
namic lag, and vehicle speeds contribute to the deterioration of
tracking ability. For a given speed, increasing the signal trans-
mission lag means decreasing tracking ability. Likewise, for a given
signal transmission lag, increasing vehicular speed results in poorer
tracking. If a remote control vehicle is so located that a signal
transmission lag is unavoidable, the only way to make precise maneu-
vers is to drive slowly. Unless one is content with slow speeds
(less than 2 mph for a lunar vehicle) when complicated driving situa-
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tions are encountered, a means must be found for making prediction
calculations more accurately than a human being is capable of doing.
This can be done with a predictor, such as the one that is developed
in this project.

E. BACKGROUND WORK IN THE DEVELOPMENT OF PREDICTOR SYSTEMS

A search of the literature disclosed several predictor develop-
ments that are pertinent to the present study.

In 1954 Zieboltz and Paynter (7) presented a paper in which
they discussed the possibilities of improving control by the use of
a compressed-time scale computer. This work was intended for auto-
matic control systems where a human being is not present in the con-
trol loop. The compressed-time scale computer performs rapid calcu-
lations and looks into the future to see how the controlled device
will behave as it responds to system inputs. Two time scales are in-
volved. The first time scale involves the rate at which the controlled
device responds to input commands. This time scale can be identified
as a real-time scale. The other time scale can be identified as a
compressed-time scale using the rate at which the compressed-time com-
puter performs its prediction calculations.

In Zieboltz and Paynter's development, a compressed-time scale
computer is placed in the control system feedback loop. 1In this way
the predictions formed by the compressed-time scale computer are used
to modify the system inputs. The long range consequences of inputs
are considered and used to reshape the inputs to obtain the desired
system outputs.

The idea of feeding prediction information back into the con-
trol system can be extended to systems where a human operator is part
of the control loop. The term prediction instrument (8) - (10) is
used to designate those devices which present prediction information
to the human operator to help him on his control task.

Prior to the present work, no predictor instruments have been
built for use where there are long signal transmission lags. However,
prediction instruments haVve been considered for cases where there are
long dynamic lags. The primary emphasis has been on the development
of predictor instruments to aid in controlling the diving performance
of submarines. A large vessel of this type responds slowly to com-
mands, and there is danger that the man who controls the diving planes
may over~-control and cause the vessel to dive below the desired depth.
In addition, hunting about the desired depth may result as the oper-
ator tries to predict the submarine's eventual response to his diving
commands. Ideally, the submarine should be controlled to reach the
desired depth without over-shooting.

The problems of prediction when there are long signal trans-
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mission lags have several things in common with the prediction problem
for submarines where there are long synamic lags. Both systems need
an input device for the human operator, a computing device for calcula-
ting predictions, and a means for displaying prediction information

to the operator. Both systems involve a consideration of the man-to-
machine and the machine-~to-man interfaces. The major human factors
problem involves the machine-to-man interface and the way in which the
prediction information is displayed for the benefit of the human oper-

ator.

F, THE HUMAN IN THE SYSTEM

Throughout this project we are following the policy of using
man where he is superior to machines, and using machines where they
are superior to man. Man does play an essential role in the remote
control of the robot vehicle. Unknown landscapes will be presented
to the human operator through the view of the television display.
The amount of information being processed is very large and of a
vague nature. The human operator is needed to select pertinent in-
formation from a background of information that is not of wvalue to
the tracking task. It is likely that man's experience with the topo-
graphy of the earth will be helpful in tracking on the moon or one
of the planets. Man is essential in coping with the unexpected sit~
uations that will undoubtedly arise. His ability to choose between
alternatives is an important consideration. Not knowing in advance
what types of alternatives may present themselves, it is impossible
to program a computer alternative to make these decisions for man.
Man's ability to make observations extraneous to the actual tracking
role and his ability to recognize the significance of unrelated
events may yield important dividends in the actual mission.

In our experimental arrangement, the human operator is given
a predictor display, thereby freeing him from the task of having to
make mental prediction calculations. The television camera on the
test vehicle uses a wide angle lens to present a wide viewing angle
to the operator. The vehicle steering is one of the simplest possible
forms using a displacement control where the direction of travel of
the vehicle is directly related to the angular position of the input
steering wheel. The human operator's task is to observe a television
view of the landscape that the robot vehicle is approaching, to focus
his attention upon the steering of the prediction marker superimposed
on the picture, and to introduce steering commands through the action
of turning a steering wheel. All other tasks in the system are handled

by machine.

12



CHAPTER 11

DEVELOPMENT OF THE EXPERIMENTAL CONTROL SYSTEM

A, INTRODUCTION

The purpose of the predictor is to aid the human operator in
his task of controlling a robot vehicle when long signal transmission
lags appear in the control system. The predictor achieves this goal
two ways. First, it relieves the operator of the burden of having to
perform mental calculations for determining a prediction of vehicular
behavior. Second, it presents the prediction information to the oper-
ator in a useful and effective manner. The details of the predictor
are considered in this chapter.

The predictor is one part of the overall control system built
for this experimental study. Fig. 4 shows the breakdown of the con-
trol system. It shows that the control system consists of two basic
parts: the robot vehicle and the control station. The control station
is further divided into the steering loop and the predictor. The
steering loop is needed regardless of whether a predictor is used.

It represents the means by which steering instructions originate, the
way in which the signal transmission lag is introduced, and the method
of displaying a television picture showing the vehicle's direction

of travel. When prediction is desired, the predictor is added at the
control station.

The predictor, however, does not stand as an isolated unit in
the control system or even in the control station. The steering loop,
the predictor, and the robot vehicle are all inter-related. Design
decisions for any one of these units are influenced by resulting
effects on the other two units. The steering loop and the predictor
even share some of the same equipment. Hence, it is not valid to
describe these units separately; instead, it is necessary to study
them together and to consider the ways in which they are inter-related.

B, THE TEST VEHICLE

The robot vehicle used in the present study uses a four-wheel
steering where all four wheels turn together underneath the body of
the vehicle. Fig. 5 represents a comparison between four-wheel and
the familiar two-wheel steering found in automobiles., Four-wheel
steering leads to a highly-maneuverable and responsive vehicle. A
unique feature of the vehicle is that its body does not change orien-
tation when the vehicle changes direction. Consequently, there is
no forward direction save that in which the wheels are pointed. 1In
order to look forward, the vehicle's television camera turns with
the wheels.

The wheels are steered by indexing stepping motors. The com-

13
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mercially available stepping motors make 200 steps per revolution.
Since these motors step without cummulative error, no feedback sys-
tem is needed on the vehicle to control the magnitude of each step.

The steering behavior of both a four-wheel and a two-wheel
vehicle are shown in Fig. 6. The steering characteristics with the
two-wheel vehicle are more involved than with the four-wheel vehicle.
With two-wheel steering, the vehicle spirals into a turn, may continue
on an arc, and then spirals out of the turn. With four-wheel steering,
the turn is completed with each step of the stepping motors used for
steering. The angular turns for four-wheel steering are grossly ex-
aggerated in Fig. 6. In reality the 45° change in direction shown
requires 25 individual steps.

The vehicle receives its steering instructions through a radio
link. The instructions are coded in the form of AC pulses, with 960 cps
and 1390 cps signals arbitrarily selected for left and right steps re-
spectively. Pulses are sent at a maximum rate of 15 pulses per sec-
ond. The wheels are geared directly to the stepping motors, so that
200 steps in a given direction complete a 360° turn for the vehicle.

The turning radius is a function of the pulse rate and the vehicle's
speed, and is expressed approximately as R = pv/2¥fn, where n is the
number of pulses per second, p is the number of steps per revolution,
and v the vehicle speed. As a specific example for this system, with

n = 15 pulses per second, p = 200 steps per revolution, and v = 7.1
feet per second, R = 15.1 feet.

The steering pulses originate in a steering box. When the
steering wheel is turned, pulses are produced to cause left or right
turns. The steering wheel is governor-controlled so that pulses can
not be sent at a rate greater than 15 pulses per second. An angular
displacement of the steering wheel results in an angular displacement
of the vehicle's stepping motors, and hence an angular displacement of
the vehicle. When making a turn, the steering wheel is rotated through
the appropriate angle and then left in the new position. After one
delay period (equal to the total signal transmission lag), the tele-
vision picture will show the vehicle making a similar change in direc-
tion.

In establishing the desirable maneuverability of the vehicle,
the viewing angle of the vehicle's television camera and the length
of the signal transmission lag must be considered. These relationships
are shown in Fig. 7. The television camera is equipped with a wide angle
lens that permits a horizontal angle of vision of 53°. With the given
maneuverability, the vehicle can be driven outside of the television
viewing angle for signal transmission lags exceeding 2 seconds. For
the lunar example with a total signal transmission lag of 2.6 seconds,
the vehicle can be driven so that the prediction marker will move out-
side of the television picture. As a result, the viewing angle of the
television camera on the vehicle is the limiting factor, and there is

16



\ TANGENT
TANGENT
SPIRAL

\\ ARC

SPIRAL

TANGENT

TANGENT
TANGENT

Fig. 6 FOUR-WHEEL VERSUS TWO-WHEEL STEERING

L1




81

53°

HORIZONTAL LENS ANGLE

\CAMERA DIRECTION
AT POINT O

3 SEC 1 SEC 3 SEC
\ /
N /
15 FT/SEC 15 FT/SEC

STEPPING MOTOR CHARACTERISTICS:
200 STEPS PER REVOLUTION
15 STEPS PER SECOND MAXIMUM

Fig. 7 CURVES OF MAXIMUM VEHICLE MANEUVERABILITY
VERSUS TIME DELAY AND CAMERA ANGLE OF VISION



no point in designing a vehicle that is more maneuverable than the present
one.

The camera is mounted so that it looks forward horizontally or
can be depressed to see the ground closer to the vehicle. The crucial
need is for the ability to see the ground where the marker will be su-
perimposed on the television display in the control station. The pre-
diction length, or the distance by which the marker leads the vehicle,
is a function of the vehicle speed and the magnitude of the signal trans-
mission lag. These relationships are shown in Fig. 8. The important
items on the test vehicle are shown in Figs.9 and 10.

Fig. 11 shows the way in which the stepping motors are advanced.
Each motor contains four coils which may be identified as A,, A,, B., and
B,. At all times one A coil and one B coil are energized. “Stepping is
achieved by switching the A and B coils in the sequence shown in the
illustration. TFour combinations of A and B coils are possible, and these
are repeated 50 times for one complete rotation of the motor. Fig. 11 also
shows a block diagram of the steering components for the test wvehicle.
After the steering pulses are received by the radio, they go to filters
where the 960 cps left turn signals are separated from the 1390 cps right
turn signals. These pulse signals are then sent to a steering logic
system. The output of the steering logic board controls three separate
pairs of driver flip-flops for the proper stepping of the three motors.

The use of stepping motors represents a unique feature of
this design. Since radio control signals are best sent as pulses to
avoid noise difficulties, the use of stepping motors provides a steering
means that makes direct use of the control pulses. As already mentioned,
stepping motors do not require any feedback control checking because of
their steps which advance without cumulative error to within 0.09° of
each index position.

A wiring diagram of the test vehicle is shown in Fig. 12, and
further details of the test vehicle appear in Appendix B.

C. CONTROL STATION

The control station block diagram is presented in Fig. 13, where
the equipment used by both the steering loop and the predictor are
shown together. This is a necessity because several of the blocks
are shared by both units. Figs. 14 and 15, however, are extracted from
Fig. 13, and show separately the blocks that are used by the steering
loop and the predictor.

These illustrations show that the steering loop starts with a
steering box where pulses are originated as the steering wheel is
turned by the human operator. The box contains two telephone dial
assemblies. These assemblies contain cams which operate switches to
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produce steering pulses. The dial assemblies are equipped with over-
running clutches so that one assembly is operative when the steering
wheel is turned in one direction, and the other assembly is used when
the steering wheel is turned in the opposite direction. The dial as-
semblies are governor-controlled so that the pulse rate can not exceed
15 pulses per second. This "keys'" the steering wheel to the vehicle
so that the steering wheel can not be turned faster than the vehicle

can respond.

The steering loop also uses a tape recorder for simulating the
signal transmission lag, a transmitter for sending the steering pulses
to the vehicle, and a television monitor for displaying the television
pictures that are sent back to the control station from the vehicle,

The predictor components are also shown in Figs. 13 and 15.
These illustrations show that duplicate steering pulses go to a
computer where prediction calculations are performed. The computer
also makes use of the tape recorder for simulation of signal trans-
mission lag. The reasons for using the tape recorder are explained
when the computational procedure is discussed. At this point, the need
for the block identified as the FM Datacoder is also explained. The
output of the computer is in the form of voltages describing a plan
view of how the prediction marker leads the test vehicle. This in-
formation can not be directly superimposed on the television picture
from the vehicle. It must first be converted from plan view infor-
mation to a form that matches the perspective of the vehicle's tele-
vision camera. The perspective generation equipment consists of an
X-Y recorder and a computer television camera. A circular marker is
mounted on the pen holder of the X-Y recorder. The television cam-
era views the marker moving around on the X-Y recorder with a per-
spective similar to the way in which the vehicle's television cam-
era surveys the vehicle's field of action. The two pictures are then
superimposed on the single monitor in the control station to give
the illusion of an elliptical marker or symbolic vehicle moving across
the landscape in advance of the robot vehicle.

The X-Y recorder and the computer television camera form a
unique combination for generating perspective. The combination of~
fers a great deal of flexibility. For example, the size and shape of
the prediction marker can be changed by simply changing the marker
on the X-Y recorder. 1If desirable, a scaled model of the robot ve-~
hicle could even be used. This might form a more realistic predic~
tion on the television display than the elliptical marker presently
in use. The X-Y recorder and the computer television camera also
provide the break in the predictor where corrections for pitch and
roll can be added. The important point is that the prediction marker
must appear to travel ovér the surface of thé ground. If the sur-
face appears to move about as the vehicle pitches and rolls over
rough terrain, the prediction marker must be given a similar motion,
By using feedback information from the vehicle describing the pitching
and rolling characteristics of the vehicle, a similar action can be
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given to the computer television camera. In this way, the marker can
be "tied" to the surface over which it appears to be moving.

The video output of the computer television camera is not sent
directly to the television monitor. It goes first to a Schmitt Trigger
where the variable video output of the camera is converted to a digital
basis where either nothing or a fixed signal is sent on to the television
monitor. The X~Y recorder is darkenmed so that only the marker is illum-
inated. As a result, signals reach the television monitor describing
the shape and motion of a marker that apparently moves in a total void.
When two television pictures are superimposed on the television moni-
tor, no ghosting can occur anywhere except where the marker appears.
Here, however, the intensity of the marker can be adjusted so that it
blocks out the landscape features.

Ghosting becomes a problem only when the human operator drives
the marker around behind obstacles on the landscape. Instead of dis=-
appearing from view, the marker shines through and dominates the scene.
Unless the operator is careful to watch the marker driving around be-
hind obstacles, he will experience the sensation of seeing the marker
appear in front of the obstacle.

The X~Y recorder and the computer television camera arrange=-
ment is shown in Fig. 16. A circular marker is mounted on the pen holder
of the recorder, and two replacement markers of different sizes are
shown in front of the recorder. This photograph was taken before the
X-Y recorder was darkened. In use, the bright areas of the recorder
are covered, the entire assembly is mounted in a darkened place in
the control station, and the shiny marker is illuminated by a light
mounted above the unit.

Figs. 17 through 22 are photographs showing the arrangement
of the control station. The control station equipment is mounted
in a small panel truck. The area that is used by the human operator
during tests doubles as an area for carrying the test vehicle to and
from the field site where experiments are conducted.

Fig. 18 shows the operator using the equipment. Normally,
the operator sits directly in front of the monitor and the steering
box is mounted in front of and slightly below the monitor. With
the operator sitting to one side in the photograph, it is possible
to see the way in which the prediction marker appears superimposed
on the television view of the test field. A white line used for
tracking experiments can be clearly seen in the television picture.
Unfortunately, it was necessary to open the back doors of the truck
when taking this photograph. The resultant glare on the face of the
television monitor is not present when the doors are closed and the
equipment is in use.

This collection of photographs ends with an overall view of

the control station and the vehicle. Fig. 22 shows the truck and
the test vehicle on the field where experiments are conducted. The
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vehicle is shown at the starting point of a -tangent that is used as
an approach to the test course in tracking experiments.

D. COMPUTER CALCULATIONS

Fig. 23 is a plan view showing the situation that exists be-
tween the view of the landscape as seen on the television monitor
and the prediction marker. We can imagine two objects travelling
across a map with the second following the first by an amount equal
to the total signal transmission lag present in the control system.
The second object represents the viewing point on the path of travel
for the television picture displayed at the control station, while the
first object represents the prediction marker. We are interested in
the amount by which the marker leads the viewing point for the dis-
played television picture. 1In particular, it is important to know the
marker position with respect to the viewing direction of the television
camera. In reality, the television camera on the vehicle shows only
a view of the landscape. It is up to the prediction computer to de-
termine the correct location for superimposing the marker on the televi-
sion display.

Two operating conditions must be considered. The first involves
the starting conditions of a run. During the first delay period,
equal to the total signal transmission lag, the operator observes a
stationary television view of the landscape. Although the operator
may be sending out steering instructions, the television picture will
not show the effects of vehicle motion until the first delay period
has elapsed. During the starting condition, the prediction marker
responds immediately to all commands and drives out across the station-
ary view of the landscape.

After the first delay period has passed, the television pic-
ture shows the effects of the motion of the vehicle. The landscape
approaches the observer watching the television display. The marker
no longer moves out across the picture but continues to move over the
landscape a fixed distance in front of the viewing point of the tele-
vision picture. The calculations needed to locate the marker are
more involved, since they must consider the motion of the viewing point
of the displayed television picture as well as the output steering
commands. The situation that exists after the television picture shows
the effects of vehicle movement is the second operating condition.

The test vehicle %tself steers by changing its direction of
travel in a series of 1.8 turns. The path traeed over the surface
of the landscape is approximated by a series of straight line segments.

The computer used is a real-time computer in the sense that
it carries out the computer maneuvers at the same rate that the vehicle
carries out its maneuvers. The predictor is developed by calculations
representing "growth'" on the advanced end of the prediction segment,

38



with a means for "decay" at the other end. Only the marker at the ad-
vanced end of the prediction line segment is displayed.

To avoid cumulative error, separate ''growth" and "decay" cal-
culations are not made. Instead, only a single master set of calcula-
tions is made. The master set of calculations is used to represent the
progress of both the prediction marker and the viewing point for the
displayed television picture. This master set of calculations is de=-
veloped in immediate response to all steering commands. The information
describing this set of calculations is delayed for one delay period by
using the tape recorder, already present in the control station, for
delaying steering instructions being sent to the vehicle. The two sets
of calculations are subtracted continuously, and a transformation of
coordinates is performed on the results to properly orient the predic-
tion marker with respect to the viewing direction of the television
display.

This procedure offers the advantage of no cumnulative error
since any calculative errors made reappear one delay period later in
the delayed calculations and are subtracted from the running total.
The master set of calculations is always referenced back to the origin
of the experimental run, so that the integrators that accumulate X
and Y totals may saturate; a means for periodically re-setting these
integrators without upsetting the end result is explained later.

Since computer information must be stored on a tape recorder,
the FM Datacoder is necessary to convert DC voltage levels representing
X and Y values to variable frequency signals that can be recorded on
tape. The FM Datacoder also provides the recovery of DC levels from
the variable frequencies that are reproduced from the tape.

Fig. 24 shows the various stages used in the determination
of the prediction marker position. Because each steering pulse causes
a single step of 1.8° to the right or left,

L= oCiy * V.8

Each of the straight line segments, representing the progress of the
vehicle, accumulates smoothly in the integrators. For convenience of
observation, however, Fig. 24 shows the calculations developing in a
discrete series of steps rather than in the smooth manner actually used.
For a typical segment:

SKhi= \/gAt;_cosz_a(.‘\ JS'-: Ve DL s Sy

where Vg is the reference speed of growth,:Ef‘—l is the accumulated
direction of travel, and A is the time length of the segment. The
location of the end point (x,y) is expressed by summing all the elements
to get:

) ~
X=Vg3 At cosDex; W= VKZ ATy S‘NZ"‘L
izt

i=t
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Since all segments develop through the integrators in the computer, the
end point is expressed as:

‘t\dr\

l.ir\
&Z ICOSZ“ 45 Y= ng t-s\NZd A7
L=
The x and y values are stored on tape to reappear as:
XD=\; ftcosZcL;,clJ Y- \/ngS\I\I Socidd
: <t

= =t
where d<€n.
The prediction segment is then represented by the difference as:

A X=X-XD AY = ¥-YD

Finally, the transformation of coordinates is achieved by using:

X'=AXcos2ay + AW siND =g
Y'=AYcosSxd — AX sin D>y

The computer carries out the above calculations made separately and in
the sequence shown.

E, PREDICTOR CHARACTERISTICS

The details of the control station are shown in Fig. 25. The
details of both the steering loop and the predictor are shown with the
single exception of the television monitor and the computer television
camera are not included.

The reset device serves an important function. Since vehicle
travel distances may accumulate without limit from the origin of a
test, the integrators representing these distance components by DC
voltage levels may also increase without limit. The operational am-
plifiers saturate at a level of 100 volts, The reset device is used
to prevent saturation. When an integrator output reaches 180 volts,
a reset switch operates to short the integrator capacitor through
the relay points. This results in an almost immediate reset of the
integrators to zero. A sudden change of 80 volts in one of the in-
tegrators causes a sudden 80 volt change in the output of theAX or
AY summer. The summer output should not experience a shift due to
the reset operation. Therefore, when an integrator output suddenly
resets, a correction flip-flop operates in response to the derivative
of the integrator output. When this flip-flop operates, it energizes a
high speed relay through which the correction voltage of 80 volts is
sent to the summer. Within one millisecond of a reset operation, an
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80 volt correction is applied to hold the summation value constant.

The sudden discontinuity in the integrator output appears from the

tape recorder one delay period later. At this time the 80 volt jump

is subtracted. The release of the correction switch flip-flop is

all that is needed to preserve the value at the summer. WNo cumula-
tive error can remain from a reset operation. Since a correction
flip-flop operates at both ends of a reset delay period, only one
correction can be processed during a given delay period. The choice

of referencing the sine-cosine potentiometers with a t70 volts per-
mits the use of amplifiers near capacity without requiring more than
one reset in a given delay period. The calculations are such that none
of the operational amplifiers, with the exception of the two integrators,
ever approach saturation.

Detail drawings of the computer electronics appear in Appendix
B of this paper.

F, LUMPED TIME DELAYS

The statement has been made that for convenience the signal
transmission lag is equally divided in the feed forward radio link
and the feedback television link in a real mission, but is lumped in
the feed forward radio link for the experimental arrangement. This
eliminates the need for a video tape delay unit. Also, throughout
this discussion, the use of a tape recorder to simulate the entire
or lumped signal transmission lag is shown and described. It is ap-
propriate at this point to examine the validity of the contention
that, as far as the human operator is concerned, the two situations
of distributed and lumped delays are equivalent.

Newman (11) delivered a paper to the Lunar Missions Meeting
in Cleveland, Ohio in July, 1962, in which he discussed the problems
of remote control of lunar vehicles from earth. 1In reviewing the ex-
perimental work that had been done up to that point, he noted that
the use of a lumped signal transmission lag instead of an even divi-
sion between the outgoing and the returning links that would occur
real missions.

Newman raised the important question as to whether the lumped
delay arrangement used in experimental studies adequately simulates
the control problem for a real mission. Fig. 26 illustrates that the
two situations are similar from the driver's point of view. The ve-
hicle obviously has a different location between the point of origin
of the displayed picture and the predicted position, but this is some-
thing the driver can not recognize. In both cases the driver must con-
t:rol through a feedback delay totaling 2.6 seconds. Prediction markers
lead the video picture of the landscape by the same amount in both
situations. A comparison of the situations is made in Fig. 26.

In a real mission, a 2.6 second delay unit will be needed for
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the prediction calculations. In the experimental arrangement with
lumped time delays, a single delay unit is sufficient to handle the

2.6 second total signal transmission lag and the 2.6 second delay
needed for the predictor calculations. However, if signal transmission
lags were distributed in the experimental arrangement, three delay
units would be needed. A 1.3 second delay unit would be required to
simulate the radio signal transmission lag, a 1.3 second video delay
unit would be needed to simulate the television transmission lag, and
a 2.6 second delay unit would be needed for the predictor calculations.
The use of the lumped time delays in the experimental arrangement not
only avoids the need for a video delay unit, but also avoids the need
for a separate delay unit for the predictor calculations. The single
tape delay unit automatically adjusts the predictor delay length to
agree exactly with the total signal transmission lag.

G, HUMAN USE OF THE PREDICTOR

Now that the details of the predictor are complete, it is im-
portant to examine the use of the equipment from the human point of
view, and to consider the way in which the prediction marker moves on
the television display.

When a turn is introduced, the motion of the prediction marker
is somewhat different than the apparent motion of a similarly advanced
point for the case where there is no signal transmission lag. The
difference depends on whether the television camera turns or whether
the prediction marker turns. When the camera turns, advanced points
on the landscape swing through an arc. When the prediction marker
turns, however, it does not swing across the television screen, but
merely changes the direction in which it appears to slide over the
landscape. In other words, the motion of the marker is not as pro-
nounced as an observer might expect from the experience he has with
automobiles. Time is required before it is perfectly clear that the
direction of the marker travel has not changed. It may be important to
add a vector to the marker to indicate the direction of travel. On the
other hand, the operator has kinesthetic feedback from turning the
steering wheel, emphasizing that the marker is changing direction.

. PREDICTOR MOTIONS ON TV DISPLAY

Another factobr should be considered in the action of the marker
moving over the terrain. This is perhaps best shown by considering the
effects of a unit turn to the right. Before the turn, the marker is
located straight ahead, and appears along the vertical center line of
the television camera. As the vehicle continues ahead, the marker
leads straight ahead and appears to slide over the ground. When the
turn is introduced, the marker changes direction and begins to slide
over the terrain a few degrees to the right in immediate response to
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the command. The vehicle, of course, continues straight ahead since

it will not respond to the turn command until one delay period of

2.6 seconds has elapsed. As the delay period continues, the marker
slides further to the right, showing how the predicted travel is moving
away from the direction in which the vehicle moves prior to its turn.
Finally, the vehicle turns, and almost immediately the television pic-
ture swings around to the new direction. The vehicle has finally res-
ponded to the instructed turn and is now looking directly up the pre-
dicted road towards the marker. Having chased the marker around the
corner, the vehicle television camera sees the marker position straight
ahead once again, and all prediction reference to the turn has vanished.
To summarize, each turn consists of a 2.6 seconds drift of the marker
towards the side of the screen, followed by a rapid reset to center as
the vehicle finally makes the turn. During the drift, the marker
slides across the scenery. During reset, both the marker and the land-
scape swing across the screen as the television camera on the vehicle
describes the turn. The important point for the operator is not to
watch the motion of the marker on the monitor, but to concentrate on
the motion of the marker with respect to the landscape.

A large change of direction is made up of a series of such in-
cremental turns. In a complex maneuvering situation, many turns may
be in the process of being passed through the time delay at once. The
net result is an involved behavior of the marker as it slides over the
ground in response to new commands and resets with the view of the
landscape as the vehicle follows the previously commanded turns.

I. PREDICTOR CALIBRATION

The operator may wish to confirm the accuracy of the predictor
when in use. Several tests can be applied. One is to drive straight
for at least one delay period at which time the marker should return
to a central position one delay period's worth of travel in front.

By noting the marker's position, the driver will know if the predictor
has developed an error. A second operator could then make any nec-
essary adjustments while the control system is still in use. Another
test procedure is for a second operator to identify a particular land-
mark that happens to coincide momentarily with the marker. By watching
to see if the landmark approaches the observer correctly along the
centerline of the television monitor display or if it drifts to one
side, he will know if the predictor has become biased. By measuring
the time required for the landmark to approach the observer, he will
know if the prediction is being made long or short of the proper dis-
tance. Both types of errors could be corrected by suitable computer
adjustments while the vehicle is running. Finally, the operator can
always stop periodically, reset the predictor equipment, and start
over again with a clean computer.
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CHAPTER III

EXPERIMENTAL EVALUATION AND CONCLUSIONS

A. DISCUSSION OF FIELD TESTS

Following the development of the control system, a series of field
tests was conducted. In this work, we used the lunar delay period of 2.6
seconds. The vehicle speed was measured at 7.1 feet per second, which is
close to the intended 7.35 feet per second (5mph). The selected speed is
well beyond the speed where effective unaided control is lost (1),(3).
The ability to drive at 7.1 feet per second with the help of the predictor
represents a large step forward. The vehicle was operated at constant
speed over flat terrain, and the television camera on the vehicle used the
standard frame rate of 30 frames per second.

The first experiments involved tracking a white line that was
drawn on the surface of the test field. Tracking permits a ready means
for scoring and for evaluating driving ability. 1In a real mission, we
will not find white lines to follow. Nevertheless, a tracking problem
remains. After looking ahead to select an intended path of travel, the
operator can proceed to track along the terrain features that identify
the route., The situation is more difficult because path determination is
added to the tracking operation. In a real mission, the driver does not
have to return to a particular route of travel if he strays from the in-
tended path; he can develop an alternate route to follow.

The second group of experiments was designed to give the operators
this added freedom. A test course was established to simulate the case
of an open field with a series of obstacles that the vehicle must pass
between. This arrangement is analogous to a croquet court with open spaces
between a series of wickets. The drivers had to steer the test vehicle
through these wickets in sequence, but the drivers were perfectly free
to select their routes of travel in the open areas between the wickets.
This course is identified as a maze throughout the present chapter.

The shape of the tracking curve was determined by a consideration
of vehicle maneuverability, the viewing angle of the vehicle's television
camera, and the size of the available test field. The curve developed
is a compromise between requiring involved maneuvers and keeping the
curve in view at least one prediction length ahead of the picture. At
no time is the driver asked to steer the prediction marker off of the
television display of the scenery. The curve itself is basically an
oval which is distorted to take advantage of the shape of the field. Six
sine waves of various amplitudes and lengths are superimposed on the
oval.

47



B. DRIVER TRAINING

Driver training was conducted in a sequence identical to the order
in which the experimental data was collected. In the opening phases of
the program, the drivers were asked to follow the white line when there
was no delay in the system. This gave them the opportunity to become
familiar with steering a highly-responsive four-wheel steering vehicle.
They gained the ability to drive by observing a television picture of
the course. After achieving this familiarity with the equipment, the
drivers practiced tracking without a predictor and with delay periods
of 1.3, 2.6, 3.9, and 5.2 seconds. This experience gave them an
appreciation for the difficulty encountered when signal transmission
lags are introduced into a control system. The final training period
for tracking involved practice using the predictor.

During the practice session with the predictor tracking, the
drivers gained confidence in the ability of the predictor to indicate
the test vehicle's future behavior correctly. This confidence was
reinforced by watching the way in which the white line approached the
television camera on the vehicle in response to steering instructions.
After this experience with being able to see a precise feedback of
success by watching the approach of the white line, the drivers shifted
to practice with the maze.

The decision was made to record the experimental runs on movie
film so that we would have a permanent record of each performance.
This enabled us to go back over each run in order to examine and measure
performance. A movie film record makes larger demandswon manpower and
equipment. For this reason we established the policy of recording
experimental data on film after the drivers had a thorough training
period in which they developed their skills at driving under various
experimental conditions. The results presented in this paper show how
well the drivers were able to master the different experimental condi-
tions.

During the training period, several interesting things appeared.
It was discovered that the drivers learned rapidly to track without a
delay. A longer period was required to gain familiarity with the
predictor. By far the longest training period, however, was required
in trying to gain control when no predictor was used amd signal trans-
mission lags were present.

Another significant discovery was that the ability to drive
without a predictor improved once the drivers learned to use the
predictor. Apparently the predictor experience showed the drivers the
area on the television display where their mental calculations should
locate an imaginary prediction marker. As one driver exclaimed, "So
that's where it's supposed to be!" Perhaps even more important is
the fact that the predictor experience showed them the way in which
the prediction marker moves about on the television display in responding
to steering instructions. As discussed in Chapter II, the motion of
the prediction marker on the television display is influenced by the
immediate response of the marker to the steering commands, and it is
also influenced by the eventual response of the robot vehicle to the
same commands.
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C. TRACKING EXPERIMENT

1. TEST PROCEDURE

One way to score a field tracking experiment is by a time-on-
target record. This was used by Adams (1) in his vehicle studies. Grum-
man (7) used a similar scheme by counting the number of collisions with
the traffic cones used to outline test '"roads.'" As a start in data col-
lecting for the present work, the time-on-target approach was used. The
target was arbitrarily selected as the vehicle width, and percentage time
for keeping this target over the line was recorded for each driver. This
approach did not yield sufficient information in our experiments, so we
decided to make a photographic record of each -experimental run.

A photographic record was obtained by taking 16 millimeter movie
pictures from the top of a 50 foot tower in the center of the field. The
camera was equipped with a telephoto lens so that the vehicle and its
immediate surroundings could be seen clearly.

To recreate the behavior of the vehicle during the experimental
runs, a rectangular coordinate system was marked out on the field. It
was felt, however, that the drivers might use the grid lines for guid-
ance in tracking if the grid lines appeared in the television pictures
seen at the control station. For this reason a complete gridwork was
not drawn across the field, and only the intersection points were
marked. These crosses were not apparent to the test drivers, but were
clearly seen by the movie camera looking down from the recording tower.

After the experimental runs were recorded on movie film, it was
necessary to examine the films frame by frame so that runs could be re-
constructed on paper. This was done on a scale where 15 feet on the
field was reduced to one inch on the drawings. Both the white line
being tracked and the actual performance of the vehicle were reproduced
for each experimental run. Finally, the large drawings were photo-
graphically reduced for inclusion in this paper.

This may seem like an elaborate way to obtain data, but it per-
mits a detailed view of each tracking performance. Each performance
can be examined as a whole. System instabilities can be observed, and
the way in which control is recovered following errors can be seen. The
places where instabilities are excited is apparent.

Numerical conclusions can be obtained from these performance
patterns. Root mean square values of tracking error can be determined
to characterize each run by a single number. Undue emphasis, however,
should not be placed on a single identifying number. Entirely different
tracking performances may have the same RMS number. RMS values should
only be used in conjunction with observations of the performance patterns.
In this way, they are helpful in establishing relative performance levels.
In determining RMS values, tracking errors were measured at one inch
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spacing along the reproduction of the white l1ine on the large draw=-
ings. This was done before the drawings were photographically re-
duced for this paper.

The values of tracking error taken at these measurement stations
are shown in the frequency distribution illustrations. These illus-
trations permit a rapid visualization of the tracking accuracy. By
noticing the way in which the frequency distribution graphs are either
spread out over a wide range or are clcsely bunched about a mean value,
a comparative evaluation of the runs can be made. Since the mean
values for all the recorded runs are nearly zero, displacements are
measured from the white line being followed.

Another advantage in having a complete photographic record of
tracking behavior is that useful time-on-target data can be obtained.
One of the major difficulties in scoring by time-on-target means is
in choosing the target size. This leaves one in the uncomfortable
position of having to defend the target size selected. What is the
logical target size? How much leeway is permitted before a track is
considered unacceptable? What target width can be selected so that
the experimental results will be of general interest for cases using
different vehicles, and for cases where different driving accuracies
are required? By using the information available from a complete
tracing of driving performances, graphs can be obtained showing plots
of percentage time~on-target versus target size. This provides a
self~service arrangment where the reader may select the target size
best suited for his particular needs.

The percentage time-on-target can be obtained for a given
target size. Conversely, if a minimum time-on-target performance
record is specified, the minimum acceptable target size can be
found, This makes it possible to find the minimum spacing between
obstacles that can be considered in selecting a direction of travel.
If no errors are permitted, the minimum target width for 1007 time-
on-target can be used in establishing the minimum sized "road" that
the vehicle can follow without difficulty.

2. TRACKING DATA

Figs. Al through All show the tracking abilities of rwo oper-
ators who are identified as Driver A and Driver B. The RMS error
values for these runs are tabulated below. Where duplicate runs were
made, the combined RMS values are also given. Three typical curves are
included in this section, in Fig. 27, to show a comparison of no delay
and delay driving with and without a predictor.
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Fig. 27 COMPARISON OF TRACKING PERFORMANCES
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“SIGNAL TRANS. B ~ COMBINED

FIGURE __ DRIVER _ LAG. __WITH PRED. RMS ERROR _ RMS ERROR
Al A 0 sec. no 0.75 ft

. 0.76 ft.
A2 A 0 no 0.77 . .
A3 A 2.6 no 9.75 7.67
Ak A 2.6 no 5.59 )
A5 A 2.6 ves 2.03 1.72
A6 A 2.6 yes 1.40 ,
A7 B 0 no 0.42 0.64
A8 B 0 no 0.86 )
A9 B 2.6 no 6.61 6.61
Al0O B 2.6 yves 2.64 2.85
All B 2.6 _.yes . ___ 3,06 _ _  _ . . _.

TABLE 1 TABULATED TRACKING DATA

The runs where a signal transmission lag is inserted but where
the predictor is not used show a great deal of instability. Fig. 27b
shows a violent oscillation near the beginning of the run, a period
where the disturbance dies out, and a final portion where oscillations
are excited once again. The photographic record terminated before the
run was completed, so the curve does not show the consequences of the
final oscillations. The other two unaided but delayed runs also show
instabilities and positions where the oscillations are temporarily
damped. Some numerical spread appears in the RMS values and reflects
the erratic behavior of driving without a predictor when time delays

are present.

The predictor runs also show that Driver A is better able to track
with a predictor than Driver B. In fact, Driver A's predictor RMS error
values are close to the case of a three foot vehicle which is just able
to straddle the line. It is expected that performance varies between
individuals. Presumably, with a more rigorous selection process. we
could discover drivers with an even better performance ability. The
results of Driver A establish a lower bound of performance for this man-
machine system. An examination of Fig. 27c also shows that the run
started with an error that was damped out rapidly. The RMS value for
this run was largely due to this error.

Figs. 28 and 29 are frequency distribution records of Driver A
and Driver B's tracking abilities. The frequency distribution infor-
mation represents the errors measured at the evenly-spaced stations
along the white line. The results show how accurately the performance
without centers on the white line. The three center-most bars combine
to show the ability to straddle the white line with our three foot wide

vehicle.

Table 2 and Figs. 30 and 31 show the percentage time-on-target
for targets of various widths.
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Fig. 28 TRACKING ERROR FREQUENCY DISTRIBUTION - DRIVER A

(a) with no signal transmission lag

(b) with 2.6 seconds signal transmission lag and with predictor
(c) with 2.6 seconds signal transmission lag and without predictor
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[ TARCET DIAMETER || DRIVER A || DRIVER B

D NO DELAY WITH NO DELAY WITH

| D FEET | T DELAY | NO. PRED.] PRED. ||DELAY | NO. PRED. | PRED.
1 fr.| 0.05 49.5% 7.0% 21.2% ] 56.6% 5.3% 18.7%
3 0.16 96.7 27.0 69.8 96.4 15.9 58.9
5 0.27 || 100.0 40.0 85.5 {l100.0 28.1 72.0
7 0.38 || 100.0 48.0 94.5 {]100.0 49,2 83.2
9 0.49 || 100.0 51.0 97.1 11100.0 52.8 88.8
11 0.60 |} 100.0 58.0 98.2 |{100.0 65.1 90.6
13 0.74 || 100.0 63.0 99.2 {l100.0 70.4 93.4
15 0.81 || 100.0 69.0 100.0 {}100.0 77 .4 96.2
17 0.92 || 100.0 78.0 100.0 {]100.0 82.7 99.0
19 1.07 {i 100.0 82.0 100.0 [{100.0 89.8 100.0
21 1.16 {| 100.0 87.0 100.0 {}100.0 93.4 100.0
23 1.28 || 100.0 87.0 100.0 || 100.0 95.2 100.0
25 1.35 || 100.0 90.0 100.0 |} 100.0 100.0 100.0
27 1.45 || 100.0 90.0 100.0 {] 100.0 100.0 100.0
29 1.56 || 100.0 92.0 100.0 || 100.0 100.0 100.0
31 1.67 || 100.0 94.0 100.0 || 100.0 100.0 100.0
33 1.78 || 100.0 94.0 100.0 || 100.0 100.0 100.0
35 1.89 || 100.0 96.0 100.0 }} 100.0 100.0 100.0
37 1.98 || 100.0 98.0 100.0 {} 100.0 100.0 100.0
39 2.10 | 100.0 100.0 100.0 |} 100.0 {  100.0 100.0

TABIE 2 TIME-ON-TARGET VERSUS TARGET SIZE
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D. MAZE EXPERIMENT
'1. TEST PROCEDURE

The method of scoring the maze experiment is somewhat different
than the method used to score the tracking experiments. Between wickets,
drivers are free to choose any means of maneuvering that they desire.
Their performances in these open areas, however, influence their approaches
to each wicket, and hence, the accuracy with which the wickets are nego-
tiated. The wickets themselves consist of two parallel rows of traffic
cones and are 15 feet long by 10 feet wide. The wickets were positioned
as shown in Fig. 32. 90° of turning effort is required to travel between
wickets 1 and 2, 180° of total turning effort between 2 and 3, and 270°
of total turning activity between 3 and 4. This permits a comparison of
approach complexity on the ability to successfully thread the wickets.

As with the tracking experiments, the maze performances were recorded on
film. 1In the same way, the film record was converted to a permanent
tracing of the runs, using a scale of one inch equals 15 feet, and then
the tracings were photographically reduced for presentation with this
paper.

The viewing angle (530) of the television camera mounted on the
vehicle restricts the angle of vision to the extent that the wickets
are lost to view when driving between wickets. If the wickets were
positioned so that each could be kept in the field of vision during
the entire run from the preceding wicket, the situation would be similar
to placing the wickets along the curve used in the tracking experiment.

The maze shown in Fig. 32 deliberately spaces the wickets far
apart so that involved maneuvering between them is required. The fact
that the goal may be lost from sight during maneuvers in the open spaces
is part of the handicap imposed on the drivers. This handicap simulates
the real-life situation where drivers seek limited objectives which may
be temporarily obscured from view during maneuvers.

In most cases, the run between wickets involves a distant view
of the objective followed by a period in which the operator drives blind
and must base his steering decisions on his original view of the goal.
Finally, as the driver approaches a wicket, it reappears, and he has a
brief period in which he can adjust his approach.

One means of evaluating driving skill is to study the performance
tracings. In doing so, the various parts of the action should be observed.
Realizing that the angle of view of the vehicle's television camera is
53° centered about the tangent to the path of travel, the extent of the
blind period of driving can be observed. This procedure shows the
vehicle location where the observer recovers his view of each wicket as
it is being approached. It should also be remembered that when driving
with a signal transmission lag, driving instructions are programmed a
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considerable distance beyond the point at which the wicket first is seen.
Last minute maneuvers based on this view can not occur until the vehicle
has travelled this extra distance representing one delay period of travel.
At a speed of 7.1 feet per second, and with a delay of 2.6 seconds, the
advanced point leads the vehicle by 18.3 feet. On a number of tracings
presented, the points A and B are shown for convenience on the wicket
approaches. These letters, respectively, indicate the place where the
driver first recovers his view of the wicket, and the point beyond

which his next steering command can take effect.

Scoring within the wicket is achieved by weighting the accuracy
with which the wickets are negotiated. Fig. 33 shows the weighting
arrangement used. Sinusoidal weighting is used to provide a high score
for driving through the wickets cleanly, to give a slight increase for cen-
tering the course as the drivers tried to do, and to give a small credit
if the traffic cones were hit but the performance was close to succeeding.
In looking at such numbers, it is well to consider the influence that the
blind portion has on the quality of the approach. In some cases the
approach is so poor that it is impossible to drive through a wicket. 1In
these cases, the low score is almost entirely an indication of poor ap=-
proach rather than poor judgement after the objective reappears in view.

2. MAZE EXPERTIMENT DATA

The results of the maze experiment are shown in Figs. Al2 through
A25. As indicated by the arrows in the drawings, some runs were made
from left to right in the wicket sequence of 1 through 4, and some were
vice versa. This gives an opportunity to compare the two directions of
travel between each wicket pair. The scoring of steering accuracy through
each wicket is shown in Table 3. A subjective rating is included for each
record to indicate if the driver had an excellent (E), good (G), poor (P),
or no (N) chance of negotiating each maze when it appeared in his field
of vision. The photographic record of Driver A's run without delay did
not come out. However, the written records indicate that he drove the
vehicle through the wickets without difficulty.

A great deal can be learned about driving performance by following
the vehicle behavior shown on the tracings and by reconstructing the prob-
lems facing the driver during each maneuver. When examining each drawing,
the places where the operateor is driving blind can be separated from those
where he can see his objective. To illustrate the method of analysing curves,
two experimental runs are considered in detail in the following pavagraphs.
Comparative maze performances are shown in Fig. 34, The traffic cones
forming the wickets are shown as dots. Radiating lines around these dots
indicate the traffic cones that were knocked down in each experimental run.

Fig. 34(b) is a performance by Driver A steering the vehicle from
left to right through the maze. A signal trammission lag of 2.6 seconds
was used and the driver did not have the benefit of the predictor. The
run starts with an excellent chance of getting through the first wicket
without difficulty. The driver's objective was to make a right turn
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SECS, o )

OF SIG|

TRANS. | WITH WICKET SCORE
FIG, | DRIVER| IAG PRED. | DIR. 11 111 1V
A12 A 2.6 no — e | 2 24 E 20% E 2 G
Al3 A 2.6 yes — o |28 25% E 26% E 5 P
Al4 A 2.6 yes o | - 27 E 24 E 2 N
Al5 A 2.6 yes — | 26% 27% E 27% E 0 N
Al6 A 2.6 yes |g— |27 12 N 18 G 25 G
Al7 A 2.6 ves |ag— | O 27 G 22% E 25% G
Al8 B 0 no — o | 24% 22% E 22 E 18 P
Al9 B 2.6 no — |22 14 G 17 G 10 G
A20 B 2.6 yes — |11 10 P 19% G 13% P
A21 B 2.6 yes — | 26 13% G 11 G 5% N
A22 B 2.6 yes «— | 23% 12 P 21 G 25 G
A23 B 2.6 yes - | 9% 20% P 19% E 25 G
A24 B 2.6 yes o« | 20 26 G 17 G 25% E
A25 B 2.6 yes - | 13% 27 G 25 G 23% G
TABLE 3 MAZE SCORING CHART
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immediately after passing through the wicket so that he would have more
maneuvering room for his approach to the second wicket. Unfortunately,
he misjudged the effects of the signal transmission lag, made the turn
too soon, and drove through the side of the wicket. However, this poor
maneuver did leave him with an excellent chance to drive through the
second wicket correctly. The second wicket came back into the driver's
view as he was completing the left turn that followed the original right
turn. By that time, steering instructions had already been programmed
to carry the vehicle to the next sharp bend to his right.

The quick maneuver in front of the second wicket was made immedi-
ately by the driver. It was close to succeeding. Likewise, the third
wicket was almost negotiated without difficulty. The magnitude of the
corrective action taking place within the wicket is a demonstration of
the exaggerated motions that generally occur for unaided driving with
delay. The extent of the blind driving period between wickets 3 and &
is much greater than between the other wickets. The driver saw the
wicket as he was completing the larger turn in front of it. By then,
steering instructions had been sent to steer the vehicle close to the
wicket. When the driver's steering adjustment commands had reached the
vehicle, the effect was to oversteer, causing the vehicle to miss the
wicket by a greater margin than if the instruction had not been sent.

Fig. 34(c) is identical to the preceding situation except that
the driver had the benefit of the predictor. Little action was needed
to get through wicket 1. Wicket 2 was first seen when the vehicle reached
point A, and since already programmed instructions committed the vehicle
to continue on to point B, the wicket threading adjustments occurred be=-
tween point B and the wicket. Wicket 3 was also threaded well, the
driver having plenty of time and opportunity to make entrance adjust-
ments. Between 3 and 4 the driver was plagued by the problem of having
to perform a great deal of blind maneuvering. The wiggles indicate an
uncertainty on his part as to when to make blind turns. The wicket
was overshot during this period and reappeared when the vehicle reached
point A, At this time instructions had already been sent to steer the
vehicle to B as the driver doubled back, looking for his objective.

When the driver saw the wicket, he made a quick maneuver using the min-
imum turning radius, and nearly succeeding in passing through the
wicket. Had he seen the wicket a little earlier, he would have prob-
ably driven through it successfully.

This kind of analysis indicates that the predictor is of help
for the tight maneuvers required in entering and driving through the
wickets. The drivers reported that they generally did not use the pre-
dictor during blind periods, since they were driving in unobstructed
areas. The major difficulty was that they did not have sufficiently
advanced views of the upcoming wicKets. A wider angle lens on the tele-
vision camera seems to be essential for the success of real-life situations

The scoring numbers partly indicate the ability to thread the
wickets and partly reflect the success of the maneuvers during the blind
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periods. These numbers do not show any particular difference between
the 90° maneuvers between wickets 1 and 2, and the 180° maneuvers be-
tween 2 and 3. They do show, however, that it is more difficult to
maneuver into a good position from which to enter wicket 4. They also
show that it is more difficult to perform 270° maneuvers from 3 to &4
than the reversed situation of going from 4 to 3. This is related to
the fact that there was more time for adjustment after the objective was
sighted when driving from wicket 4 to wicket 3 than there was when going
from wicket 3 to wicket 4.

E. RANDOM FIELDS

As one moves from tracking tests towards driving in a field of
scattered obstacles, it becomes more difficult to express conclusions
in number form. One possibility is to count obstacle hits. Another
possibility is to measure the time required to reach a distant goal.
A particularly sticky problem is how to score the combinations of driving
time and obstacle hits. The weighting decision is similar to trying to
decide how many oranges equal one apple. The relative importance is
dependent on how the problem is presented to the test driver. If he is
told to negotiate an obstacle field cleanly, the time of the run would
be the deciding factor, and any runs with obstacle collisions would be
marked as total failures. On the other hand, if the problem is pre-
sented as measuring the accuracy of driving through a uniform field of
obstacles, the number of collisions would be a primary measure of success.

With an eye to future testing, we conducted some exploratory
tests of driving through a random field of obstacles. This experience
indicated that it will be important in future study to observe the ef-
fects of varying densities of obstacle fields on driving performance.

In this exploratory look into random fields, the illusion of a "floating"
prediction marker was encountered, This is the result of having to
superimpose two television pictures, with the inevitable result of
ghosting. To illustrate: when the prediction marker is driven around
behind an obstacle, it is not hidden from view by the obstacle, but is
seen as if the obstacle were transparent. The driver is then confronted
with the problem of having to convince himself that the predicted spot
lies on the ground behind the obstacle instead of '"floating' im the air
in front of the obstacle.

F. SUBJECTIVE REACTIONS

Several driver reactions and experiences have already been men-
tioned. 1In this section subjective reactions are discussed.

The first item concerns the method of steering. As mentioned in

the description of the equipment, a displacement control is used. This
is in keeping with references that show that displacement controls are
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better than velocity controls and other higher order controls. At the
same time, the displacement control requires continual turning action and
differs in this respect from automobile behavior with which both drivers
were acquainted. They immediately concluded that they wculd prefer an
automobile type steering. In fact, one driver prepared a sketch of how
the steering could be modified to the automobile arrangement. However,
after some experience with the displacement controls, both drivers

found this arrangement to be desirable. Driver A reports that he likes
the extra steering activity; it keeps him busy and loose. Driver B
feels that a displacement control permits more stable driving. Since
the operator has to turn the steering wheel through all the angular
changes of the vehicle, he feels that this effort tends to inhibit over-
steering and instability.

When driving with a signal transmission lag and no predictor,
the drivers found it helpful to steer in a burst of actiwyity. Here
they would command a large turn and then wait, if possible, to observe
the results before making the next turn. Driving performance improves
when they have an opportunity to separate the job into a series of iso~
lated maneuvers.

When driving without the predictor, the drivers also made use of
relay noises that occur with each input command. By listening to these
clicking noises, they received an immediate feedback, reinforcing the
positioning feedback obtained through their hands, describing the amount
by which the steering wheel was turned. They did not use the audible feedback
when the predictor was used, though it did help them in determining both
the magnitude of each turn and the rate at which each turn was made.
With the predictor, they preferred to concentrate on the motion of the
prediction marker. These observations can be summarized by saying that
the operators preferred the visual feedback of watching the prediction
marker. In the absence of the marker, they used the audible feedback
to reinforce the positioning feedback of turning the steering wheel.

The next item to consider is the television display. Both the
drivers feel that their performances are adversely affected by not
having a wider viewing angle. The effects of the present 53° viewing
angle are described in the maze experiment discussion. It is strongly
recommended that means for increasing the angle of vision be considered
and used, if possible, in future studies.

In the present study we have not included the variable of pic-
ture quality. 1In anticipated missions, the television pictures may
be of poor quality. The operator's ability to drive with poor pictures
should be investigated. 1In the course of our training period, we ex-
perienced some occasions of poor television pictures. Driver A was able
to drive well with a surprisingly poor picture. As long as he was able
to identify fragments of the white line, he was able to track it ade-
quately. These observations are incidental to the primary objective of
this phase of the project, but they do indicate ability to drive under
trying conditions.
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Driver A sits very close to the screen in an effort to relate
his eyes to the picture as the vehicle's television camera is related
to the scenery. He feels that this increases his sensation of being
involved in the operation.

Both drivers report that they are not distracted by noises and
other activities in the control statiom.

Both drivers find it an advantage to have a second person in
the truck. They feel that it helps to relieve the temsion. Since they
are driving slowly, they would have time to consider the suggestions
offered by an observer in the control station.

Both drivers would like to be able to stop and look around before
entering involved areas. It is recommended that this capability be added
to the equipment.

G. SUGGESTED AREAS FOR FUTURE WORK
1. RANDOM OBSTACLE COURSE

After the tracking and maze tests for this project were completed,
a few exploratory tests were made with a random field of obstacles. This
experience suggests an experimental study to determine the effects of
increasing the density of a field of obstacles on driving performance.
Upper and lower bounds of performance can be established by driving with
and without signal transmission lag as a means for evaluating the predic-
tor. For experimental purposes, a random pattern of obstacles could be
developed and tests run with this random field expanded in a series of
steps to provide fields of decreasing density.

Fig. 35 shows a speculation of performance. Comparing these three
types of driving, it is reasonable to assume that performance will be
the same for extremely low density fields and extremely high density
fields. 1In the case of low density fields, no obstacles would be hit
regardless of whether or not the vehicle is under precise control. 1In
the case of extremely dense fields, a swath would be cut with or with-
out precise control. For intermediate fields, however, the control
offered by the predictor should make the difference between avoiding
obstacles and occasionally intercepting them. The net result is that
higher speeds could be maintained in medium density fields if a predic-
tor is used. A future study is recommended for investigating this
matter of field density and determining over what range the predictor
offers a significant advantage.

2. COMPUTER SIMULATION

The present development is a simulation of a real-life situa-
tion, and, like all simulations. it contains some unrealities. The
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advantage of the present arrangement over the laboratory simulations is
that it permits a driver to experience the problems of driving a real
vehicle with feedback through a television display. At the same time,
the collection of field data is both time consuming and expensive.

It is possible that in future studies, a computer may be pro-
grammed to simulate adequately the experiences that are obtained by use
of an actual vehicle. When this is done, the present equipment can be
used to calibrate and check the validity of the computer simulations.
Another possibility is to obtain laboratory tracking data as a means for
expanding field data if the proper relationship can be found between
the two.

H, CONCLUDING STATEMENT

This project has resulted in the development of a working predictor
for the remote control of vehicles where there is a long signal trans-
mission lag. The system was evaluated with a signal transmission lag
of 2.6 seconds and a vehicle speed of 7.1 feet per second (nearly 5 mph).
The results of the tracking experiments show that the predictor makes it
possible for an operator to drive nearly as well with a signal trans-
mission lag as he can drive with no delay at the same vehicle speed.

The experience gained with driving through a maze shows that the
predictor is useful where precise maneuvers are required. When the pre-
dictor is in an open field, it is not needed or used, but when the driver
approaches a wicket, he takes advantage of the extra control provided
by the predictor.

Experience with the maze showed that a wider angle view of the land-
scape is needed for the vehicle's television camera. The 53° angle lens
used hampered maneuverabilty since it is possible to drive the vehicle
outside its field of vision. TIn many cases, the 53° angle of vision pre-
vented the drivers from seeing the wickets until an insufficient time was
left to steer the vehicle through them.

The equipment developed serves as an excellent base from which

to conduct further studies into the problems of remote control with long
signal transmission lags.

Stanford University,
Stanford, California.
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APPENDIX A

TRACKING AND MAZE EXPERIMENTAL RUNS

71



TL

[ J
—t-
— — FIG. Al TRACKING EXPERIMENT
. FEET 50
7.1 fps 0 sec delay

DRIVER A WITHOUT PREDICTOR



€L

FEET

FIG. A2

TRACKING EXPERIMENT

7.1 fps 0 sec delay
DRIVER A WITHOUT PREDICTOR

X}



7l

FEET

FIG. A3

TRACKING EXPERIMENT

7.1 fps 2,6 sec. delay
DRIVER A WITHOUT PREDICTOR



S/

FEET

50

FIG. A4

TRACKING EXPERIMENT

7.1 fps
DRIVER A

2.6 sec, delay
WITHOUT PREDICTOR



9L

FERY

FIG. AS

000e,
—-

TRACKING EXPERIMENT

7.1 fps 2.6 sec., delay
DRIVER A WITH PREDICTOR



LL

FEET

wl

FIG. A6

TRACKING EXPERIMENT

7.1 £fps
DRIVER A

2.6 sec. delay
WITH PREDICTOR



8L

FEETY

50

FIG. A7

TRACKING EXPERIMENT

7.1 fps 0 sec. delay
DRIVER B WITHOUT PREDICTOR



6L

T

FEET

FIG. A8

TRACKING EXPERIMENT

7.1 fps - 0 sec. delay
DRIVER B WITHOUT PREDICTOR



08

o

L)
FEETY 50

FIG. A9

TRACKING EXPERIMENT

7.1 fps
DRIVER B

2.6 sec. delay
WITHOUT PREDICTOR



18

FEET

FIG. AlO

TRACKING EXPERIMENT

7.1 fps 2.6 sec, delay
DRIVER B WITH PREDICTOR




Z8

—

i FIG. ALl  TRACKING EXPERIMENT
[} FEETY 50

7.1 fps 2.6 sec. delay
DRIVER B WITH PREDICTOR

__TIIIIIIIIIIIIIIIIIIlIIIIIlIllllllIlllllllllllllllllllllli:,'!l.lllllllllllllllllllllllllllllll---------"""""""""""""‘7



¢8

FEET

50

FIG. Al2

MAZE EXPERIMENT

7.1 fps 2.6 sec. delay
DRIVER A WITHOUT PREDICTOR




%8

FEET

FIG. Al3

MAZE EXPERIMENT

7.1 fps 2.6 sec. delay
DRIVER A WITH PREDICTOR



<8

FEET

FIG. Al4

MAZE EXPERIMENT

7.1 fps
DRIVER A

2.6 sec. delay
WITH PREDICTOR



98

FEET

=N

50

FIG. Al5

7.1 fps
DRIVER A

MAZE EXPERIMENT

2,6 sec. delay
WITH PREDICTOR




L8

FEET

50

FIG. Al6

MAZE EXPERIMENT

7.1 fps
DRIVER A

2.6 sec. delay
WITH PREDICTOR




88

FEET

FIG. Al7

MAZE EXPERIMENT

7.1 fps 2.6 sec. delay
DRIVER A WITH PREDICTOR



68

FEET

e

50

FIG. Al8

MAZE EXPERIMENT

7.1 fps 0 sec. delay
DRIVER B WITHOUT PREDICTOR




06

FEET

FIG. Al9

MAZE EXPERIMENT

7.1 fps 2,6 sec. delay
DRIVER B WITHOUT PREDICTOR



16

FEET

FIG. A20

MAZE EXPERIMENT

7.1 fps
DRIVER B

2.6 sec. delay
WITH PREDICTOR



6

T

FEET

FIG. A21

MAZE EXPERIMENT

7.1 fps 2.6 sec. delay
DRIVER B WITH PREDICTOR



€6

FEET

o8

50

FIG. A22

MAZE EXPERIMENT

7.1 fps 2.6 sec. delay
DRIVER B WITH PREDICTOR




76

L
¥
L]

FEET

FIG. A23

MAZE EXPERIMENT

7.1 fps
DRIVER B

2.6 sec. delay
WITH PREDICTOR




S6

FEET

b

FIG. A24

MAZE EXPERIMENT

7.1 fps 2,6 sec. delay
DRIVER B WITH PREDICTOR



96

FEET

FIG. A25

MAZE EXPERIMENT

7.1 fps 2.6 sec. delay
DRIVER B WITH PREDICTOR



APPENDIX B

CONTROL SYSTEM SCHEMATICS

97



86

-12v -12v  -i2v -12v -12v -I12v  -I2v
1
25 3P
K 1.8K 2.2K
< .O|/Jf <
< \ b
270pf| 7
N
20 DUTPUT
.
|NPUTr29|9_?f K
b
INSI
S 470K
82K
y =
SIK:E 215K 100K 2300 =
’ |
L ® [ ¢ [
= +6V +6vV  +6v +6V +6v
RIGHT PULSES LEFT PULSES
1390 cps 960 cps
Ry 39K 50K
R2 TOOK 150K
- S P, PULSE LENGTH ADJUSTMENT
P, OSCILLATOR FREQUENCY ADJUSTMENT
Py OUTPUT GAIN ADJUSTMENT

FIG. Bl  TONE GENERATING CIRCUIT



66

UTC
ML-3
AUDIO FROM O7H 4.7K
KAUKE
DATACODER

-12v

3.3K

-2y -12v

1[ J_
IOK$ 12K
) —=20uf

—opf

A
\ A 4

I20K$  10K$

oA
v

-12v -i2v -12v
$330 J_
Suf
2N404
150K
2N1304
Syf
Ly C
IoKg .—]— 38200

O
'[ ot
=

FIG.

B2  CONTROL STATION

| TO OTHER FILTER

COTO-COIL UG-P
-12v GORDOS

1390 cps 960 cps
L UTC ML-2 | UTC ML-3
' 04H O.7H
C,| 0.032 uf 0.04 uf
PULSE FILTER

MAGNET REED
_SWITCH MR400-i

\uf

==~} TO SUPERIOR

ELECTRIC

2200 SLO-SYN

TRANSLATOR
ST 250



001

7

DI 54

+105v +103v | )RMAN RELAY

5D01CB44D

at

-
2NI1304

+ 80v |

-105v  ~-105v

INPUT FROM
' SIN-COS
POTENTIOMETER

|
L

82K
IK

KURMAN RELAY
5DICB44D

2N404

FIG. B3

COMPUTER RESET SWITCH

=—|-—=-—

i

DONNER 3500 ANALOG
COMPUTER INTEGRATOR



101

XD INPUT

X INPUT

-35v

FIG. B4

~-35Vv

=35v

-35v

COMPUTER RESET CORRECTION SWITCH

RESET  -35vV -35v -35v  -gav
o 0
e
Sisk 5.6k 5.6k 1.8 k
OFF WITH > g
FALL
O.lpf 47k IN 96A 5 k
a9 AN
2N404 2N404 2N1986
O.luf 4Tk IN9GA I5 k
— Dt v COTO-COIL SR24-P
°NR|‘g“!_:TH B4 2 GORDOS MAGNETIC REED
56Kk $56k 56k ::G.Bk | SWITCH MR 800-1
— |
| |
_ | Ao | 00iut 1008 Xcgu”"”
ey L _N_
+35V +35V +35v 435V
RESET +35V +82V
0
04 <
OFF WITH S15k 5.6k
RISE 4 <
O.iuf 4T« IN 96A
="
0.l pt 47k IN 96A
e
$ 2N1304
56 k
T 1 |o.0oiut 1000
= COTO-COIL SR 24-P

GORDOS MAGNET!C REED

SWITCH MR 80O -1



10K

Suf

T Suf

COTO-COIL UG-P
GORDOS MAGNETIC REED
SWITCH MR 400-!

1390 cps 960 cps
UTC ML=3 | uTC ML-3 |
Lil orH 0.7H
c,| o.osuf 0.04uf

FIG. B5 VEHICLE STEERING FILTER

102



960 cps o—
LEFT PULSES

SCHMITT
TRIGGER

INPUT

1390 cps o]

RIGHT PULSES

SCHMITT
TRIGGER

STEERING
F© FLIP-FLOP

l

OUTPUT TO
CHANNEL O
DRIVER FL:

FLOPS

RESET

OUTPUT TO
o CHANNEL O1
DRIVER FL1

FLOPS

INPUT

€01

FIG., B6 VEHICLE STEERING LOGIC CIRCUIT BLOCK DIAGRAM



701

OUTPUT TO

DRIVER
-18v -18v -18v -24v  -24v -I8v -18v -24y -24v FLIP-FLOPS
1K
[ I INIOO
10K 3LBK 18K i:lOK IN34 2N404 =
IN34 10¥ 2N1986
18K " W
2N404 2201'_2»4404 IN34 SARRIVEYY
|
i h >
L | & b v 4. 4 >
315k $560 473 6801 68003 £4.7K M
3 ) K §
Izopf_l 3 3 3 »
-6v -6v 1 -18v 24v -I8v
| IOOK[
-i2v
2N404
& -6v
36.8K
FDIOO
T FOl00 220pf  220pt
3| \t
24l V) B
i OUTPUT TO
= DRIVER
FLIP-FLOPS
1K
IN34
IN34 =
-18v -18v -18v >2N'986
10K 18K 1.8
sk K
2404 |229%" [2Naos
FROM 4,7 T
FILTER
1390 cps
| |
TO.47pf 15K SS_O 2ok i;4.7K 47K2 $1m
-6v » >
-6v  -6v -24v ~-IBv -12v -18v-24v -i8v
FIG. B7 VEHICLE STEERING LOGIC CIRCUIT SCHEMATIC



Motor
Coil
2525 2525
2NI558 2NI558
RESET
INPUT FROM 2N1558
LOGIC CIRCUIT
0K 2120
SUPERIOR ELECTRIC CoIL
STEPPING MOTOR |voutace | T | Re | Y Va | Vs | Ve
X 1000 0, -l2v iocoqlz2z2o0n | ov -12v | +45v | -12v
X 1000 12,24 v " Y -12y | -2av | -75v | -24v
SS 400 0, -24v | 2200|4700 Ov " +45v | -12v
FIG. B8 VEHICLE STEERING DRIVER FLIP-FLOP SCHEMATIC

105



901

6333"0 €961 ‘Ko1BuUeT-VSVN

POWER SWITCH

OPEN FOR START ’

0-250 OHM SPEED ADJUSTING
POTENTIOMETERS

} 8 AMP SB FUSES

-~ ——|RAE M6 SHUNT WOUND
> 124V DC MOTOR

IS5 OHM FIELD RESISTANCE
|1 OHM ARMATURE RESISTANCE

S SIS
F AR & 7’ 2
|
O%O@
! N IRRREE

FIG.B9 VEHICLE DRIVE MOTORS



